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Magnetic refrigeration at room-temperature is a technology that could potentially be more environmentally-
friendly, efficient and affordable than traditional refrigeration. The search for suitable materials for magne-
tocaloric refrigeration led to the study of double-perovskites La2MnNiO6, La2MnCoO6 and La2MnFeO6.
While La2MnNiO6 and La2MnCoO6 are ferromagnets with near room-temperature TCs, previous theoreti-
cal study of double-perovskite La2MnFeO6 revealed that this material is a ferrimagnet due to strong electronic
interactions in Fe-d orbitals. Here, we investigate the double-perovskites La2MnRuO6 and LaA”MnFeO6 (A”
= Ba, Ca and Sr) with density functional theory (DFT) as materials that can counteract the effects the strong
repulsion present in the in Fe-d shells of La2MnFeO6 and lead to a ferromagnetic state. Our study reaveals that
while La2MnRuO6 is also a ferrimagnet, but with a higher net magnetic moment per formula than La2MnFeO6,
doubly-ordered LaA”MnFeO6 are ferromagnets. By mapping the total energy of the LaA”MnFeO6 compounds
obtained from DFT calculations to the Ising model, we also calculate their magnetic exchange couplings. This
allows us to estimate the trend in TC of the three doped La2MnFeO6 materials with classical Monte-Carlo
calculations and predict that doubly-ordered LaBaMnFeO6 and LaSrMnFeO6 could be suitable materials for
room-temperature magnetic refrigeration.
I. INTRODUCTION
Traditional cooling utilizes refrigerant gases that are harm-
ful to the environment due to their global warming potential.1
A promising alternative is magnetic refrigeration (MR). It re-
lies on the magnetocaloric effect, which describes the varia-
tion of the temperature of a material subjected to a change in
magnetic field. The magnetocaloric materials are generally
ferromagnets that undergo a phase transition to a paramag-
netic state around operating temperature. The magnetocaloric
materials suitable for domestic refrigeration have a transition
temperature around room temperature.
The design of new magnetocaloric materials is one of
the main research areas in the field. Double-perovskites
La2MnNiO6 (LMNO) and La2MnCoO6 (LMCO) have been
proposed and investigated extensively because they are ferro-
magnetic insulators with large total moments, 5 and 6µB /f.u.
respectively2,3. Furthermore, they are low-cost, resistant to
corrosion and recyclable compounds. Their Curie tempera-
tures TC are however below room temperature, respectively
280 K and 226 K2,4. In order to be able to use these double-
perovskite oxides for MR, one would have to find a way to
increase their TCs. The natural assumption is that a similar
compound, La2MnFeO6 (LMFO), is also a ferromagnetic in-
sulator, but with a higher TC due to a possibly higher magnetic
moment on Fe. However, experiments show that LMFO is a
ferrimagnet with anti-parallel alignment of Mn and Fe mo-
ments on neighboring sites5. Further theoretical investigation
has shown that in LMNO and LMCO, the Mn ions acquire
Mn4+ oxidation state with three electrons in their t2g orbitals,
leaving a doubly degenerate Mn-eg to contribute in the su-
perexchange mechanism with O-p orbitals. The almost un-
occupied, doubly degenerate Mn-eg sets the stage for Hund’s
coupling to be effective by reducing the ferromagnetic (FM)
ground-state energy in comparison with the antiferromagnetic
(AFM) one6. However, in LMFO, large electronic corre-
lations prevent double occupancy in Fe d-shells, promoting
the Fe3+ valence state with half-filled d-shell over Fe2+, and
leading to high-spin Mn3+ and Fe3+ states6. Mn3+ has four
valence electrons with one residing on eg states that lifts their
degeneracy due to the Jahn-Teller mechanism. Therefore, in
LMFO, the effective shells of the two transition metal ions
are half-filled Mn-eg and Fe-d, leading to the usual antiferro-
magnetic superexchange interaction. Because the magnitude
of the down-spin magnetic moment is different from the up-
spin magnetic moment, the resulting state is a ferrimagnet.
We use antiferromagnet (AFM) and ferrimagnet interchange-
ably since the magnetic moments of the two magnetic ions are
different, but we will mostly use the acronym AFM.
The main factor that drives LMFO to be a ferrimagnet is the
strong electron-electron interaction in Fe-d shells that over-
comes the crystal field splitting in Mn-d shells. In order to
promote Mn4+ oxidation state and to design materials that
could potentially be more suitable than LMNO and LMCO
for magnetic refrigeration, we consider and discuss two so-
lutions. First, we study the double-perovskite La2MnRuO6
(LMRO). This compound is obtained by iso-electronic substi-
tution of Fe with Ru. The valence orbitals of Ru are 4d. These
orbitals are more extended in space than the Fe-3d, and hence
show less significant electronic correlations. One could then
hope for a Mn4+-O-Ru2+ ferromagnetic superexchange inter-
action. Second, we consider the effect of hole-doping LMFO
by substituting half of the La atoms with A” = Ba, Sr or Ca,
leading to LaA”MnFeO6 with ferromagnetic Mn4+-O-Fe3+
superexchange interaction in the ordered materials.
In this paper, we employ the real material calculation de-
scribed in Sec. II to find in Sec. III the magnetic ground state
of LMRO and in Sec. IV of hole-doped LMFO. The latter sec-
tion contains information on structure optimization, magnetic
and electronic ground state properties, estimates of magnetic
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2exchange couplings and of the Curie temperature.
II. METHOD
We investigate the ground state structural, electronic, and
magnetic properties of double-perovskites LMRO, LBMFO,
LSMFO and LCMFO with density functional theory calcula-
tions. The calculations are performed within the full-potential
all electron basis set as implemented in the WIEN2k pack-
age, using the PBE GGA functional.7,8 The interaction effects
are taken into account using GGA+U. The GGA+U calcula-
tions are carried using the approximate correction for self-
interaction correction (SIC) as described in Ref. 9. In DFT
calculations, we check the convergence with respect to the
number of k-points used in the Brillouin zone and the plane-
wave cut-off Kmax, controlled by the parameter Rmt·Kmax,
where Rmt is the muffin-tin radius. Both volume and internal
coordinates are fully relaxed. We consider several collinear
magnetic orderings to obtain exchange coupling between tran-
sition metal ions. Consequently, these couplings are used to
estimate Curie temperatures using mean-field calculation and
Monte Carlo simulations with the GT-GPU method on a cubic
lattice.10
III. ELECTRONIC AND MAGNETIC PROPERTIES OF
La2MnRuO6
We first studied LMRO in order to see if a ferromagnetic su-
perexchange interaction is possible between Mn and Ru ions,
considering the fact that electronic repulsion in Ru-4d shells
are less important than in Fe-3d shells. We used experimen-
tal crystal structure data to perform the calculations, without
structure relaxation11. This experiment found LMRO to be a
ferrimagnet. However, it was carried on disordered LMRO
with space group Pbnm. We added a rock-salt ordering for
Mn and Ru atoms, which lowers the space group symmetry to
P21/c. The same space group has been observed experimen-
tally in similar A2B’B”O6 compounds with B-site rock-salt
order, such as ordered single crystal LMNO and LMCO.2,3 In
these ordered double-perovskites, B’ and B” atoms alternate
in each spatial direction. Here, we are interested in seeing if
the addition of B-site order in LMRO can drive a ferromag-
netic ground state.
Our GGA calculations show that the ground sate of LMRO
is a spin density wave with anti-parallel magnetic moments
of the neighboring Mn and Ru ions. Fig. 1 (a) illustrates the
GGA density of states (DOS) of LMRO. As one can see from
the figure, the system is in a metallic state with finite spec-
tral weight at the Fermi level. The total moment is 3µB /f.u.
Adding the correlation effects within the GGA+U framework
opens up a charge gap at the Fermi level leading to an insu-
lating ferrimagnetic ground state. We used Ueff = 1.09 eV
for Ru-d shells and Ueff = 3.0 eV for Mn-d shells. Fig. 1 (b)
shows the GGA+U DOS of LMRO. The band gap is ' 0.03
eV. Using a larger interaction value for Ru, i.e. Ueff = 3.0
eV, does not change the ground state magnetic alignment,
Ru-d orbital Occupation n↑ (n↓)
AFM FM
t2g 0.60 (0.59) 0.62 (0.57)
t2g 0.55 (0.66) 0.65 (0.55)
t2g 0.22 (0.74) 0.74 (0.23)
eg 0.30 (0.46) 0.37 (0.42)
eg 0.25 (0.30) 0.30 (0.26)
TABLE I. Calculated (GGA+U) charge occupation of Ru-d orbitals
in La2MnRuO6 in AFM and FM magnetic configurations. Numbers
in parenthesizes denote n↓. Mn majority spin species is up.
but increases the band gap to ' 0.2 eV as expected. As
seen in Fig. 1 (b), the Ru-d orbitals are relatively delocalized,
with wide partial DOS, and there is sizable overlap between
majority-spin O-p and Ru-d partial DOS. Although the ground
state of LMRO is ferrimagnetic, it has a larger net moment
than LMFO because the Ru3+ ions are in low-spin configura-
tion, and hence have a smaller moment than high-spin Fe3+.
In order to confirm the results, we relaxed the structure by
optimizing its internal degrees of freedom, without changing
the volume of the unit cell. We used Ueff = 3 eV in Mn-
and Ueff = 1.09 eV in Ru-d shells to relax the structure.
The ground state predicted from the relaxed structures is also
ferrimagnetic. This did not change drastically the predicted
partial moments, total moment per formula unit or the partial
charges.
An ionic picture for Ru ions is not quite applicable. In-
deed, in contrast to Mn-d orbitals, in which spin-dependent
orbital occupation is almost zero or one and does not depend
sensitively on the magnetic order, some of Ru-d orbitals are
partially occupied (see Table I). Nevertheless, the picture of
localized spins to describe the superexchange mechanism in
LMRO works rather well as we now show. In both FM and
AFM magnetic configurations, the Mn3+ ions are in high-spin
configuration. Furthermore, the Mn-eg degeneracy is lifted
due to the Jahn-Teller distortion, hence, only one Mn-eg or-
bital is contributing in the superexchange interaction. Let us
assume that Mn majority spin species is up as shown in Fig. 1
(c). In this case, a down-spin electron of O-p contributes to
the superexchange mechanism with Mn-eg due to Pauli’s ex-
clusion principle. The O-p up-spin electron contributes in su-
perexchange mechanism with Ru. If the magnetic moment of
Ru is aligned anti-parallel to the moment of Mn, as shown in
Fig. 1 (c), then O-p up-spin electron can hop on both Ru-eg
or Ru-t2g orbitals. However, in case of parallel alignment of
magnetic moments of Mn and Ru, i.e., FM configuration, O-p
up-spin electron can only hop on Ru-eg orbitals, because Ru-
t2g up-spin orbitals are almost fully occupied (see Table I).
The Ru-t2g blockade decreases the kinetic energy gain in FM
alignment and leads to an AFM ground state for LMRO (com-
pare third t2g orbital occupation between AFM and FM con-
figurations).
3-6
-4
-2
 0
 2
 4
 6
-6 -4 -2  0  2  4  6
(a)LMRO - AFM
(GGA)
D
O
S
Energy (eV)
O-p
Ru-t2g
Ru-eg
Mn-t2g
Mn-eg
-6
-4
-2
 0
 2
 4
 6
-6 -4 -2  0  2  4  6
(b)LMRO - AFM
(GGA+U)
D
O
S
Energy (eV)
O-p
Ru-t2g
Ru-eg
Mn-t2g
Mn-eg
Ru3+O
eg up
t2g up
eg dn
t2g dn
(c) Mn3+
FIG. 1. (Color online) Spin-resolved partial density of states for Mn-
eg , Mn-t2g, Ru-eg , Ru-t2g and O-p from (a) GGA calculations and
(b) GGA+U calculations. GGA+U calculations are performed with
Ueff = 3 eV for Mn-d orbitals and Ueff = 1.09 eV for Ru-d
orbitals. The upper part in each panel is majority-spin DOS result,
and the lower the minority-spin one. GGA(+U) calculations pre-
dict a metallic (insulating) ferrimagnetic ground state for LMRO. (c)
Schematic representation of the superexchange interaction in ferri-
magnetic LMRO. The figure represents schematically the weight of
each orbital with respect to the others and is derived from the partial
DOS plots and partial charge data.
IV. ELECTRONIC AND MAGNETIC PROPERTIES OF
LaA”MnFeO6 WITH A” = Ba, Sr OR Ca
In LMFO, strong electronic correlations in the Fe-d orbitals
favor Fe3+ oxidation states in order to avoid double occu-
pancy. This consequently leads to Mn3+ states, Jahn-Teller
distortion and, ultimately, a ferrimagnetic ground state. Here,
we study LaA”MnFeO6, with A”=Ba, Sr or Ca, in which the
total oxidation of the cations at the B site is 7+ instead of
6+. This could lead to Mn4+ and Fe3+ oxidation states and to
a ferromagnetic ground state. We investigate this possibility
here.
A. Structure optimization
Since doubly-ordered LA”MFO (A”=Ba, Sr, Ca) have
not been reported experimentally, we start our study by op-
timizing their crystal structure. Most A2B’B”O6 double-
perovskites with B-site order crystallize in the P21/c space
group.12 However, other space groups are also possible de-
pending on the amount of octahedral distortion that is present
in the crystal. One of the ways to predict the amount of octa-
hedral tilting in a double-perovskite is from its tolerance factor
t, which is defined by
t =
〈rA〉+ rO√
2(〈rB〉+ rO)
, (1)
where 〈rA〉 and 〈rB〉 denote the average ionic radius at the A
and B sites, respectively, while rO is the ionic radius of oxy-
gen. The ideal, cubic situation with 180◦ B’-O-B” bonding
angles occurs when t = 1. Most ordered double-perovskites
with t ' 1 crystallize in the Fm3¯m cubic space group. When
t is smaller than 1, octahedral tilting occurs.12 The approxi-
mate tolerance factors of LBMFO, LSMFO and LCMFO cal-
culated using Eq. (1) and available ionic radius values13 are
1.035, 1.003 and 0.985 respectively. The decrease in tolerance
factors is due to the fact that Ba2+ has the largest ionic radius
and Ca2+ has the smallest one out of the three dopants.13 This
motivates the study of the three following space groups for
LSMFO and LBMFO: P21/c, R3¯ and Fm3¯m. In the case
of LCMFO, its tolerance factor (t = 0.985) is comparable to
the tolerance factors of LMNO and LMCO (t = 0.978 and
0.964), both of which were found to crystallize in the P21/c
space group.2,3 For that reason, we only investigated this space
group for this material.
In order to optimize the structures with unit cells contain-
ing a reasonable number of atoms, we had to impose A-site
and B-site order. We chose a layered order on the A site and a
rock-salt order on the B site, which are the most common or-
derings in doubly ordered A’A”B’B”O6 double-perovskites.14
We also tested rock-salt order on A and B site simultaneously
for LBMFO and LSMFO. We found that the layered order on
the A-site yields a lower total energy than the rock-salt A-site
order.
For LBMFO, the ground state predicted by GGA+U calcu-
lations is in the P21 space group. We optimized the structures
in the same space group for LCMFO and for the GGA calcu-
lations on both of these materials. In the case of LSMFO, the
ground state predicted by GGA and GGA+U calculations is
P 1¯.
In agreement with the tolerance factors listed above, we
found from the relaxed structures that the amount of octahe-
dral tilting in LBMFO is the smallest out of the three com-
pounds, while it is the largest in LCMFO. In previous work on
double-perovskite LMFO (t ' 0.96), we found that the Mn-
O-Fe bonding angles are ' 152 ◦.6 The octahedral tilting in
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FIG. 2. (Color online) Top (middle) panel: Partial density of states for O-p, Fe-eg and Mn-eg , and Fe-t2g and Mn-t2g orbitals from GGA
(GGA+U) calculations. Positive DOS corresponds to the majority-spin channel, while negative DOS corresponds to the minority-spin chan-
nel. GGA and GGA+U calculations predict a ferromagnetic insulating ground state in (a, d) LBMFO, (b, e) LSMFO and (c, f) LCMFO.
Bottom panel (g): schematic representation of the ferromagnetic superexchange interaction between Mn4+ and Fe3+ in LBMFO, LSMFO and
LCMFO.
LMFO stems from the fact that La3+ ions have a smaller ionic
radius than the ideal case in which t = 1. Since Ba2+ and
Sr2+ ions have a larger ionic radius than La3+, the Mn-O-Fe
bonds in LBMFO and LSMFO are straightened to' 172◦ and
' 165◦ respectively. Since the ionic radius of Ca2+ is similar
to that of La3+, the Mn-O-Fe bonding angles are ' 157◦in
LCMFO, comparable with LMFO.13
B. Magnetic and electronic ground state properties
All three compounds are predicted to be ferromagnetic in-
sulators by both GGA and GGA+U methods. In the GGA
calculations, the band gaps are very small for the three com-
pounds. They are 0.14, 0.17 and 0.25 eV for LBMFO,
LSMFO and LCMFO respectively. As seen in Fig. 2 (a),
(b) and (c), the states that are immediately above the Fermi
level are Fe-t2g . Adding electron-electron interactions in the
GGA+U calculations pushes the Fe-t2g states away from the
Fermi level, and the predominant states above the Fermi level
become Fe-t2g and Mn-eg . The gaps open further to ' 1.3
eV in both LBMFO and LSMFO, and to' 1.4 eV in LCMFO
as seen in Fig. 2 (d), (e) and (f). These figures also show that
the occupied Fe-eg and t2g states are pushed to lower energies
below the Fermi level. This localization is expected from the
addition of electron correlations in these orbitals.
The total moment is predicted to be 8µB /f.u. in all three
materials. Analysis of the partial moment, partial density of
states and partial charge in the five d shells leads to the con-
clusion that the magnetic ions are in high spin configuration in
all three ferromagnetic materials with Mn4+ and Fe3+ oxida-
tion states. The magnetic orderings of these three compounds
are easily understood from the superexchange interaction that
can be deduced from these oxidation states.
5Indeed, as illustrated in Fig. 2 (g), a ferromagnetic interac-
tion between Mn4+ and Fe3+ is mediated through the oxy-
gen p electrons. Both O-p electrons can hop on neighbouring
d-shells when Fe and Mn d electrons are ferromagnetically
aligned, which results in an overall kinetic advantage. By con-
trast, in the antiferromagnetic case, the O-p electron that has
a spin aligned with those on Mn-d orbitals can hop on the
empty neighbouring Mn-eg orbital due to Hund’s coupling,
but the remaining O-p electron cannot hop on Fe-d shells due
to Pauli’s exclusion principle. This leads to a smaller kinetic
advantage in the AFM case than in the FM case, which can ex-
plain why LBMFO, LSMFO and LCMFO are predicted to be
ferromagnets. This intuition, supported by the Goodenough-
Kanamori rules,15,16 is confirmed by the partial DOS pre-
sented in Fig. 2 (a) to (f). Here, Mn4+ and Fe3+ respectively
have a 3d3σd
0
σ¯ and a 3d
5
σd
0
σ¯ electronic configuration, where
σ(σ¯) denotes the majority (minority) spin. For all materials,
the partial DOS obtained from GGA and GGA+U calculations
show a good overlap between O-pσ and Mn-egσ above the
Fermi level. There is also a good overlap between O-pσ¯ and
Fe-egσ¯ , while the Mn-egσ¯ partial DOS mainly lies at higher
energies than both Fe-egσ¯ and Mn-egσ .
All of these conclusions arise from the assumption that
LBMFO, LSMFO and LCMFO are doubly-ordered. Ex-
perimentally, in A2B’B”O6 double-perovskites, B-site order
seems to arise from charge and size difference between the
B’ and B” ions. Typically, the materials are disordered when
the charge difference is smaller than 2.12 Moreover, A-site or-
der seems to be linked with B-site order: if the B site is dis-
ordered, then the A site is also disordered.14 These consid-
erations indicate that doubly-ordered LBMFO, LSMFO and
LCMFO could be difficult to synthesize experimentally, since
the B-site charge difference is only of 1. Disordered LA”MFO
could include various domains, including Mn-O-Mn and Fe-
O-Fe antiferromagnetic interactions. However, new experi-
mental techniques seem to improve the degree of B-site order,
which could then drive A-site order and lead to the ferromag-
netic materials we describe here.17
C. Magnetic exchange couplings
In order to see whether LBMFO, LSMFO and LCMFO are
suitable for magnetic refrigeration, one needs to know if their
TC is close to room-temperature. It is possible to map the
DFT total energy to the Ising model
H = −
∑
ij
JijS
z
i S
z
j , (2)
in order to obtain the magnetic exchange couplings that can
afterwards be used in the calculation of the Curie temperature.
In Eq. (2), Jij denotes exchange coupling between magnetic
moments at site i and site j, while Szi(j) is the z-component
of the magnetic moment at site i(j). We consider six inde-
pendent exchange pathways connecting various Mn and Fe
sites. We define J1 and J2 as the nearest-neighbor in-plane
and out of plane couplings between Mn and Fe, while J3(J ′3)
Configuration Mn sublattice Fe sublattice Spin alignment
FM i i in phase
AFM1 (G-type) i i out of phase
AFM2 (A-type) ii ii in phase
AFM3 (C-type) ii ii out of phase
AFM4 iii iii (see caption)
AFM5 ii iii n.a.
FiM i ii n.a.
AFM6 i iii n.a.
TABLE II. Spin configuration of the sublattices used in the 8 mag-
netic configurations. The transition metal sublattice spin configura-
tions are : (i) in-plane and out of plane FM (ii) in-plane FM and out of
plane AFM and (iii) in-plane AFM and out of plane FM. For AFM4,
the spin alignment of the sublattices is chosen in such a way that
the out of plane nearest neighbor alignment is AFM. Configurations
AFM5, AFM6 and FiM have different total energies, but relative spin
alignment of the two sublattices in each of these configurations sepa-
rately does not influence the expression of the total energy since there
is no net contribution of nearest neighbor (Mn-Fe) interaction to the
total energy. AFM6 is used to verify the validity of the results.
and J4(J ′4) are the next nearest-neighbor in-plane and out of
plane couplings between Mn( Fe) magnetic moments. The
exchange couplings are illustrated in Fig. 3 (a).
In order to calculate the six exchange parameters, we fix the
atomic positions and use seven different collinear magnetic
configurations to calculate six total energy differences. We
use an additional magnetic configuration to verify the validity
of our results. All the magnetic configurations we consider
are listed in Table II. The configurations chosen here are the
same as in Ref. 6, where details of the mapping to the Ising
model can be found. The exchange couplings are obtained
from self-consistent GGA+U calculations on
√
2 × √2 × 1
supercells which include 4 non-equivalent Mn atoms, 4 non-
equivalent Fe atoms, and a total of 40 atoms. The values
of the exchange couplings for LSMFO, LBMFO and LCMFO
obtained from the mapping to the Ising model are listed in
Table III. For all three materials, nearest neighbor exchange
couplings J1 and J2 are ferromagnetic, as expected from the
discussion on superexchange of the previous section. They
are also larger by one or two orders of magnitude than the
next-nearest neighbor couplings. This is due to the localiza-
tion of the 3d orbitals. Moreover, most of the next-nearest
exchange couplings are antiferromagnetic, as expected from
the Goodenough-Kanamori rules regarding the superexchange
interaction between two half-filled Fe-d (Fe3+-O-Fe3+) or
Mn-t2g (Mn4+-O-Mn4+) orbitals.15,16 Finally, we computed
the energy differences between the FM and AFM6 magnetic
configurations using the calculated exchange couplings and
compared them to the same energy difference obtained from
GGA+U calculations. The energy differences are listed in Ta-
ble IV. One can see that the agreement between the prediction
from the calculated couplings and the DFT results is excellent
for all three materials.
One can notice that LBMFO has the largest values of J1 and
6a
b
c
(a)
J1
J2
J'3 J3
J4J'4
FIG. 3. (Color online) Reduced supercell with the 4 non-equivalent
Mn (blue) and Fe (red) atoms. The lattice vector a denotes the out of
plane direction, while the lattice vectors b and c generate the plane.
Interaction path Values (meV)
A”=Ba Sr Ca
J1 Mn-Fe (in plane) 2.31 2.19 1.74
J2 Mn-Fe (out of plane) 2.24 2.12 1.19
J3 Mn-Mn (in plane) -0.28 -0.18 -0.12
J4 Mn-Mn (out of plane) -0.32 -0.22 -0.07
J ′3 Fe-Fe (in plane) -0.003 -0.02 0.03
J ′4 Fe-Fe (out of plane) -0.01 -0.03 -0.06
TABLE III. Calculated magnetic exchange interactions for
LaA”MnFeO6. Positive (negative) value denotes FM (AFM) cou-
pling. The extreme values of the spins are SzMn = 3/2 and S ′zFe =
5/2.
J2 LCMFO has the smallest ones. This trend can be explained
by the structural differences between the three compounds.
As explained in Sec. (IV A), the Mn-O-Fe bonding angle is an
interesting feature in the relaxed structures. Superexchange
mechanisms are more effective when the two magnetic ions
are aligned with the oxygen atom. A 180◦ bonding angle
indeed leads to the biggest overlap between the orbitals that
participate in the superexchange. In LBMFO, the angles are
closer to the ideal 180◦ case, leading to more effective su-
perexchange interactions. Similarly, in LCMFO, the angles
are the farthest from 180◦: in that case, the crystal structure
shows important distortions from the ideal double-perovskite
one, which could lead to less effective superexchange inter-
actions. Hence, the largest nearest-neighbor exchange cou-
plings are obtained when the Mn-O-Fe bonding angle is close
to 180◦.
EAFM6 − EFM
From J values From ab initio calculations
A”= Ba 0.204 0.205
Sr 0.190 0.191
Ca 0.137 0.138
TABLE IV. Energy difference between AFM6 phase and FM phase
in eV.
Curie temperature (K)
Mean-field Monte-Carlo
A”=Ba 552 498
Sr 530 425
Ca 386 309
TABLE V. Curie temperatures TC in Kelvin obtained from different
methods for LA”MFO.
D. Curie temperature from mean-field and Monte Carlo
calculations
One can extract the Curie temperature of the materials us-
ing the exchange couplings listed in Table III. Here, we em-
ploy two different methods: a mean-field approximation and
Monte Carlo calculations. The details on the mean-field and
Monte Carlo calculations can be found in Ref. 6. The re-
sulting TCs are listed in Table V. The predicted TCs are in-
teresting from a qualitative point of view more than from a
quantitative point of view. Indeed, without pretending that
these values are accurate, we can still notice a trend in the pre-
dicted phase transition temperatures. Previous work using this
methodology reproduced the qualitative experimental trend in
TC for double-perovskites LMNO, LMFO and LMCO6. Cal-
culations for LMFO using parameters similar to those we use
here (GGA+U calculations with Ueff = 3 eV, a supercell
with 40 atoms and the same magnetic orders) predicted its TN
to be 329 K (Monte Carlo) and 418 K (mean-field). While
the precise TN of LMFO is unknown, it was shown experi-
mentally to be lower than the TC of both LMNO and LMCO,
hence below room-temperature.
This leads us to believe that, even though the predicted
mean-field and Monte Carlo TCs listed in table V probably
overestimate the actual TCs, the trend that they follow should
be accurate. We can notice that LBMFO has the highest TC
while LCMFO has the lowest one for this family of com-
pounds. This trend in TC can once again be explained by the
structural differences between the three compounds. More im-
portantly, by comparing our results for LBMFO, and LSMFO
to the results obtained previously for LMNO in Ref. 6, we
see that doubly-ordered LBMFO and LSMFO might have TCs
that are above or around room-temperature.
7V. DISCUSSION: MAGNETOCALORIC PROPERTIES
AND POTENTIAL FOR MAGNETIC REFRIGERATION
In order to be adequate for magnetic refrigeration, a ma-
terial must display a number of properties, among which are
ferromagnetism with a TC around room temperature, as ex-
plained previously. For real applications, a material must also
have an appreciable isothermal magnetic entropy change un-
der the application of an external magnetic field ∆Sm(T, 0→
H) = Sm(T,H) − Sm(T, 0) and a large adiabatic tempera-
ture change ∆Tad(S,H → 0) = Tad(S,H)− Tad(S, 0).
Here, we use mean-field calculations in order to compute
the magnetic entropy of LBMFO and LSMFO. In order to
check the accuracy of the method, we performed the same cal-
culations for LMNO and compared our results to available ex-
perimental data. Appendix A gives the details of the method.
For LBMFO and LSMFO, the extreme values of the spins are
SzMn = 3/2 and S ′zFe = 5/2, and the exchange couplings are
the ones from Table III.
Fig. 4 shows the maximal value of the magnetic en-
tropy change as a function of the external magnetic field for
LBMFO, LSMFO and LMNO. For a field of 2T, we obtain a
value of ∼ 1J/K kg, which is about five times smaller than the
maximal value of ∆S for reference material Gd.18 Similarly,
we computed the maximal value of the adiabatic temperature
change ∆Tad. The calculation of ∆Tad requires the knowl-
edge of the specific heat, which has not been reported for
LSMFO and LBMFO in the literature. However, the specific
heat of similar compound La2MnCoO6 has been measured.3 It
has been reported to fall rapidly below the Dulong-Petit limit
around room temperature. Assuming a similar behaviour for
LBMFO and LSMFO, we used the Dulong-Petit limit in order
to compute a lower bound for ∆Tad. For an external field of
2T, this yields a maximal value of ∆Tad of about 0.2%TC for
both LSMFO and LBMFO. In the mean field calculations, this
is about 0.9K, which is also a little over 5 times smaller than
in the case of Gd for the same field.18
It is a known fact that double perovskite oxides have smaller
∆S and ∆Tad than other materials typically studied for their
magnetocaloric properties. However, they offer a range of
other properties that make them interesting for applications,
such as their resistance to corrosion, their lower price and
their high electric resistance.19 Therefore, even if their mag-
netocaloric properties are not to the level of that of reference
materials, doubly-ordered LBMFO and LSMFO could still be
promising candidates for magnetic refrigeration.
VI. CONCLUDING REMARKS
We studied two different types of materials in order to see if
a ferromagnetic and insulating LaA”MnB”O6-based double-
perovskite with a higher moment per formula unit and Curie
temperature than LMNO and LMCO could be designed. Since
strong electronic correlations have been found to induce an
antiferromagnetic insulating ground state in LMFO, we first
studied LMRO, in which electronic correlations are less im-
portant. We found that this material is also predicted to be
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FIG. 4. (Color online) Comparison between the experimental maxi-
mal value of the isothermal entropy change of LMNO2 (black empty
squares), and the mean-field calculated values of ∆Smax of LMNO
(dark blue filled squares), LBMFO (red circles) and LSMFO (green
triangles). We used for the number of formulas per kilogram, N =
1.25× 1024 and N = 1.40× 1024 for LBMFO and LSMFO respec-
tively to obtain the entropy change per kilogram of material from
Eq. (A1).
ferrimagnetic. The total moment is predicted to be 3µB /f.u.,
which is higher than what was predicted with similar calcula-
tions for LMFO (1µB). This predicted ground state and the
fact that Ru is rather expensive strongly suggests that LMRO
is not suitable for magnetic refrigeration.
By contrast, our study of hole-doped LMFO through di-
valent substitution of one of the La atoms leads to promis-
ing results. All three compounds studied (LBMFO, LSMFO
and LCMFO) are predicted to be ferromagnetic insulators
by GGA and GGA+U calculations, with a total moment of
8µB /f.u, which is higher than that of LMCO and LMNO.
Moreover, our study of the trend in TC of these hole-doped
LMFO materials indicate that LBMFO and LSMFO are likely
to have a TC close to room-temperature, making both of them
promising for room-temperature magnetic refrigeration, pro-
vided that they can be synthesized experimentally as doubly
ordered doped double-perovskites. Even though maximum
isothermal entropy change and adiabatic temperature change
with magnetic field are smaller than for the best reference ma-
terials, these double perovskites have other advantages, such
as high resistance, low price and chemical stability, that can
make them useful for applications.
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Appendix A: Mean-field calculation of the magnetocaloric
properties
We used the two-spin mean-field approach to the Ising
model described in Ref. 6. This mean-field scheme takes into
account the two magnetic ions of LaA”MnB”O6 (A” = La, Ba
or Sr, B” = Ni or Fe). It yields the following self-consistent
equations for the magnetizationsm(T ) andm′(T ) per Mn and
B” site, considering an external magnetic field H:
m(T ) = B(hMF + gµBH,Sz),
m′(T ) = B(h′MF + gµBH,S ′z),
where the mean fields hMF and h′MF are given by:
hMF = 2(4J1 + 2J2)m
′ + 2(4J3 + 8J4)m,
h′MF = 2(4J1 + 2J2)m+ 2(4J
′
3 + 8J
′
4)m
′,
and B(h,Sz) is a Brillouin function:
B(h,Sz) = −1
2
coth(βh/2)
+ (Sz + 1
2
) coth(βh(Sz + 1/2)).
Here, Sz is the maximal spin value at the Mn site, S ′z is the
maximal spin value at the B” site. Also, β = 1/kBT , the Js
are the exchange-coupling constants discussed in Sec. (IV C).
Self-consistent solution of these equation for a given tempera-
ture gives the sublattice magnetization and the corresponding
mean fields.
The magnetic entropy Sm(T,H) in the presence of an ex-
ternal magnetic field H is defined as:
Sm(T,H) = −∂Fm
∂T
= NkB
(
ln (Z) + T
1
Z
∂Z
∂T
)
+NkB
(
ln (Z ′) + T
1
Z ′
∂Z ′
∂T
)
= SMnm (T,H) + S
B′′
m (T,H),
where Fm is the free energy, N the number of formulas in the
sample per kilogram and the sublattice partition functions are
Z =
∑
Szi
exp[β(hMF + gµBH)S
z
i ],
Z ′ =
∑
S′zi
exp[β(h′MF + gµBH)S
′z
i ].
 0
 1
 2
 3
 4
 5
−150 −100 −50  0  50  100
−
∆S
m
 (
T
, H
:0
→
 7
T
) 
(J
/K
 k
g)
T−TC (K)
Two−spin mean field
Effective one−spin mean field
Exp.
FIG. 5. (Color online) Isothermal entropy change for an external
field of 7T in LMNO from our two-spin mean-field calculation (full
red line), and from experimental (blue dots) and effective one-spin
mean-field (dashed black line) data.2 We plotted ∆S as a function of
T − TC , where TC = 280K for the experimental and simple mean-
field data, and TC = 527K for our mean-field results.
The final equation for the entropy due to the Mn spins is:
SMnm (T,H) = NkB ln
[
sinh (β(hMF + gµBH)(Sz + 1/2))
sinh (β(hMF + gµBH)/2)
]
−N (hMF + gµBH)
T
B(hMF + gµBH,Sz).
(A1)
The expression for the entropy due to the B” magnetic atom
is analogous.
We computed hMF and h′MF for LMNO from the self-
consistency equations, and then calculated the entropy from
Eq. (A1), with Sz = 3/2 and S ′z = 1. In particular, we cal-
culated the isothermal entropy change ∆Sm(T, 0 → H) =
Sm(T,H)−Sm(T, 0) for LMNO. This mean field theory can
also be used to compute a lower limit for the adiabatic tem-
perature change ∆Tad, using the Dulong-Petit limit for the
heat capacity: Cp = 3nR, where n is the number of atoms
in a unit cell, and R the universal gas constant. We use the
approximate form of the ∆Tad:
∆Tad(T,H) =
T
Cp
∆Sm(T, 0→ H) (A2)
Fig. 5 compares ∆Sm(T−TC , 0→ 7 T) from our two-spin
mean-field calculation with the experimental and mean-field
data from Ref. 2. The mean-field model of Ref. 2 is an effec-
tive one-spin model where the effective angular momentum J
of each unit cell (J = 2.75) is coupled to its first neighbours.
In our calculations, we used N = 1.235×1024 formula units,
which corresponds to one kilogram of LMNO. The behavior
of the calculated ∆Sm around TC agrees qualitatively with
the experiment, but the full width at half maximum is smaller.
One can also notice that the maximal value ∆Smax is better
reproduced by the present two-spin mean-field approach than
9by the effective one-spin mean-field approach of Ref. 2. This
is illustrated in Fig. 4, which shows the evolution of ∆Smax
with the external magnetic field. Our mean-field results repro-
duce the experimental data for LMNO quite well, especially at
low external field. This relatively good agreement between the
experimental data and our mean-field results leads us to be-
lieve that the mean-field approach can be a good tool to char-
acterize the magnetocaloric effect in LMNO and, by exten-
sion, to gain insight on the magnetocaloric effect in LBMFO
and LSMFO.
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